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Abstract 29 
The objective of this study was to assess the effect of a native anecic species on phosphorus 30 
availability in an Oxisol characterised by a low chemical fertility. Experiments were carried 31 
out at Carimagua research station in a representative site of the isohyperthermic savannas on 32 
 2 
the Colombian Orinoco basin. One field study and two laboratory/incubation studies were 1 
performed in a natural herbaceous savanna and a Brachiaria decumbens and Pueraria 2 
phaseoloides pasture. In the laboratory, experiment pots were prepared containing soil 3 
collected from the respective field paddock’s topsoil. Total P content was higher in 4 
earthworm casts than in the surrounding soil in field samples, 50% in native savanna soil and 5 
more than 100% in pasture soil. In casts produced under laboratory conditions this increase 6 
was relatively low (10–20%). Under field conditions, almost without exception, all P 7 
fractions were increased in casts relative to the original soil (corresponding to the increase in 8 
total P content), being relatively greater in the labile inorganic P fractions. In addition, 9 
samples from the natural savanna showed that pH of casts was higher (5.2) than that of soil 10 
(4.6) in both field and laboratory samples. Except in the native savanna under field 11 
conditions, the phosphatase activity was reduced in casts by 16.7 to 44%. From our results 12 
we conclude that earthworms in the field incorporate P from litter or other organic sources 13 
(i.e. undecomposed plant and root material, earthworm faeces) which is not normally 14 
measured in the analysis of bulk soil.  15 
 16 
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1. Introduction 19 
At present there is increasing evidence that soil macroinvertebrates improve soil fertility due 20 
to their role in soil organic matter transformations and nutrient dynamics at different spatial 21 
and temporal scales, which may improve nutrient uptake by plants (Lavelle, 1997). A few of 22 
these invertebrates have been defined as the “soil ecosystem engineers” (Stork and Eggleton, 23 
1992; Jones et al., 1994; Lavelle, 1997). By definition, ecosystem engineers are “those 24 
 3 
organisms that directly or indirectly modulate the availability of resources to other species by 1 
causing physical state changes in biotic or abiotic materials” (Jones et al., 1994). This means 2 
that they are capable of regulating the trophic (organic matter) and spatial distribution 3 
(habitat availability) of resources in the soil through the production of physical bio-structures 4 
(e.g. casts, galleries and nests). Soil invertebrates are major determinants of soil processes, 5 
especially in tropical ecosystems (Lavelle, 2000).  6 
Earthworms belong to this functional group because through their burrowing activities, 7 
mixing soil with litter and egesting casts inside the soil or at the soil surface, they affect the 8 
physical properties of soils, nutrient cycling and plant dynamics (Lal, 1991; Thompson et al., 9 
1993; Lavelle, 1997). To assess the contribution of these organisms to soil processes and 10 
ecosystem function, it is necessary to describe the phenomena that occur in the casts (Martin 11 
and Marinissen, 1993). Yet the impact on nutrient cycling has not been investigated in detail 12 
in tropical anecic earthworms (Decaëns et al., 1999b), even though they produce a 13 
substantial amount of casts in the soil surface. For example, some studies have revealed 14 
higher contents of available phosphorous (P) (that can be taken up by plants) in earthworm 15 
casts than in the control soil (Lunt and Jacobson, 1944; Nye, 1955; Lal, 1974; 16 
Krishnamoorthy, 1990; Guggenberger et al., 1996). Effects of earthworms on P are 17 
especially interesting since part of the pool, which is normally adsorbed onto the soil solid 18 
phase, may be desorbed after gut transit (López-Hernández et al., 1993; Brossard et al., 19 
1996). These organisms have a marked impact on mineralisation of P

 (Sharpley and Syers, 20 
1976; James, 1991; López-Hernández et al., 1993; Chapuis and Brossard, 1995; Brossard et 21 
al., 1996), and are able to increase its availability for plants in their casts. This process has 22 
been widely documented for both tropical and temperate species (Sharpley and Syers, 1976; 23 
                                                          

 Phosphorus mineralization is an enzymatic process and a group of phosphatases are involved in the catalysis 
and release of phosphate from organic P compounds to the soil solution (Mullen 1998). 
 4 
Barois et al., 1987; Lavelle and Martin, 1992; Lavelle et al., 1992; López-Hernández et al., 1 
1993; Scheu, 1987). It is the result of their highly efficient digestive system while they 2 
excrete intestinal and cutaneous mucus that leaves nutrients in excess. As a consequence, 3 
earthworms have an important role in nutrient availability and cycling in natural and 4 
agricultural ecosystems (Coleman et al., 1994; Buse, 1990; Marinissen and de Ruiter, 1993; 5 
Bohlen et al., 1997; Decaëns et al., 1999b). 6 
About 75% of soils in Neotropical savannas are strongly weathered, acidic and infertile 7 
belonging to the order of Oxisols (USDA Soil Taxonomy 1978). Low total and available P 8 
contents and high P fixation capacity due to high contents of Fe and Al oxides characterise 9 
these soils. Only 20% of total fertilizer P applied to soils in these agroecosystems is 10 
recovered by the crop to which it is applied (Friesen et al., 1997). The remainder is gradually 11 
rendered less available to succeeding crops by processes that slowly move P into more stable 12 
inorganic and organic pools in the soil. One strategy to increase the productivity and 13 
sustainability of production in such agroecosystems is to increase P recovery from these less 14 
accessible forms using crop and forage cultivars that are more efficient in acquiring P and 15 
cycling it into pools more available to crops. In addition, the role of soil macroinvertebrates 16 
in P cycling must be considered for their potential and availability of soil P for plant uptake, 17 
since the activities of soil organisms may preserve nutrients in the biostructures they produce 18 
and hence reduce the availability to plants in short temporal scales. 19 
The potential of the Colombian savannas, an isohyperthermic ecosystem dominated by 20 
Oxisols, for both crop and livestock production systems, is limited by the lack of available P 21 
for primary production (Thomas et al., 1995). The conversion of native savanna into 22 
intensive pastures generally leads to a huge increase in earthworm biomass (Decaëns et al., 23 
1994, Jiménez et al., 1998b). Martiodrilus carimaguensis (Glossoscolecidae) is a large anecic 24 
 5 
native savanna earthworm from the Colombian “Llanos” (Jiménez et al., 1998a, b) which 1 
has been shown to affect soil processes (Decaëns, 2000; Decaëns et al., 1999a, b) and there 2 
is potential to take advantage of its activities in tropical agroecosystems (Mariani, 2001).  3 
Casts of large anecic M. carimaguensis are enriched in labile organic P, which suggests that 4 
this species improves the supply of P in soil under pastures by creating an available organic 5 
P pool (Guggenberger et al., 1996). Oberson et al. (1999) presented evidence from soil P 6 
fractionation analyses which indicated that a high level of P cycling in intensive pastures 7 
contributed to their sustainability with very low P inputs. Based on these observations, we 8 
hypothesized that M. carimaguensis, through greatly increased population density and their 9 
effect on soil P dynamics, is a major contributor to the sustainable productivity of intensive 10 
pastures on Colombian savannas Oxisols. The objective of this study was to determine the 11 
temporal dynamics of P fractions in casts and quantify P availability and enhanced P cycling 12 
in an Oxisol of the Colombian Llanos. The study was carried out in both laboratory and field 13 
experiments to assess the impact of this species of high casting surface activity (Jiménez et 14 
al., 1998a, b; Decaëns et al., 1999b) in nutrient cycling. Since earthworms can accelerate the 15 
mineralisation of organic matter by reducing the size of residues to particles more available 16 
to microbes (Swift et al., 1979; James, 1991) one laboratory experiment examined the effect 17 
of incorporating finely ground vegetative material on P mineralization. 18 
 19 
2. Materials and methods 20 
2.1. Study site 21 
This study was conducted during May-September 1994 at the CIAT-CORPOICA 22 
experimental station at Carimagua (430’N; 7119’W; 150 m above sea level) located 320 23 
km east of Villavicencio in the Eastern Plains of Colombia. The site is representative of the 24 
 6 
well-drained isohyperthermic savanna ecosystem. Mean annual rainfall and temperature are 1 
2,240 mm and 26.5 C respectively. Rainfall distribution is characterized by a 4-month sharp 2 
dry season from December to March. Native vegetation varies with topography accordingly: 3 
open herbaceous savannas in the uplands (“altos”), and gallery forests or flooding savannas 4 
in the low-lying areas (“bajos”). Samplings were done in a well-drained silt-clay Oxisol 5 
(typic haplustox, fine kaolinitic, isohyperthermic). They are characterised by favourable 6 
physical properties, e.g. porosity and water retention, but high Al saturation (>80%) and low 7 
chemical fertility (Table 1).  8 
 9 
2.2. Background ecology of M. carimaguensis 10 
Martiodrilus carimaguensis is a large native dorsally pigmented earthworm quite common in 11 
the savannas of Carimagua (Colombia). The dimensions for adults are 9.3 mm in diameter, 12 
194 mm in length and weighs 9.2 g (in 4% formalin) on average (Jiménez et al., 1998a). Its 13 
morphology and life history traits are like most anecic species (sensu Bouché, 1977); 14 
however, it only eats litter in an opportunistic way and its feeding regime is mostly based on 15 
small casts egested by other earthworm species (Mariani et al., 2001). The establishment of 16 
intensive pastures results in a spectacular increase of density compared to the native savanna, 17 
18.2 and 0.2 ind m
-2
, respectively (Jiménez et al., 1998b). The main aspects of their biology, 18 
ecology and adaptive strategies can be consulted in Jiménez and Decaëns (2000) and 19 
Jiménez et al. (1999; 2000). 20 
 21 
2.3. Casts of M. carimaguensis 22 
 7 
Martiodrilus carimaguensis produces a substantial amount of tower-like casts at the soil 1 
surface. Their size range from 3 to 6 cm in diameter, 2 to 10 cm in height and 25 g dry 2 
weight on average (Decaëns, 2000). As they are deposited the casts are a pasty structure, and 3 
within a period of days, the final structure is a combination of dry and fresh material at the 4 
bottom and the top of the cast, respectively. Whether the earthworm leaves its semi-5 
permanent burrow or descends deep in the soil to begin diapause (Jiménez et al., 2000) the 6 
cast dries completely, and may remain at the soil surface for more than one year (Decaëns, 7 
2000). The disappearance of casts from the soil surface are both of environmental and 8 
anthropogenic origin, i.e. rainfall impacts, fire, vegetation cover, cattle trampling and the 9 
burrowing by small invertebrates (Decaëns, 2000; Mariani et al., in press). 10 
 11 
2.4. Experimental design 12 
Three experiments were performed during the rainy season of 1994: one field study and two 13 
laboratory/incubation studies using soils from the same plots (paddocks) where the fieldwork 14 
was conducted. 15 
 16 
2.4.1. Field experiment 17 
The field experiment was carried out from May to August in two nearby land use systems 18 
(paddocks). They were a 2.3 ha. herbaceous native savanna dominated by Andropogon 19 
bicornis L. and Trachypogon vestitus Anders. that was burnt the previous year, and a 18 yr-20 
old 2-ha. grazed pasture of Brachiaria decumbens cv Basilisk and Pueraria phaseoloides 21 
(Roxb.) Benth. CIAT 9900 (Kudzu). The pasture was grazed by 1 cattle ha
-1
 during the dry 22 
season and 2 cattle ha
-1
 during the rainy period.  23 
 8 
A randomized block-design was used. In each paddock, nine areas of 4x4 and 1x1 m
2
, 1 
respectively, were randomly allocated and, in the case of the pasture, these were protected 2 
with wire exclusion cages to avoid cattle trampling and physical disturbance of surface casts. 3 
The difference in the size of these areas was due to the fact that outstanding differences 4 
regarding earthworm numbers existed and therefore in the number of surface casts (Jiménez 5 
et al., 1998a). In each land use system (paddock) the nine sampling areas were randomly 6 
grouped in clusters containing three areas. The surface casts were sampled from each area 7 
and included within each group, so that there were three replicates for each sampling date. 8 
Hence, a replicate was considered as the sum of casts collected from the three randomly 9 
selected areas. 10 
The surface casts that were already present in the sampling areas were removed the day 11 
before the experiment started, and on the following day, fresh surface casts recently 12 
deposited were identified, and displaced aside the earthworm gallery. Casts were tagged with 13 
a plastic peg to identify the time of in situ incubation that corresponded to six different ages, 14 
i.e. 1, 4, 8, 16, 32 and 64 days after they were egested in the soil surface. In order to ensure 15 
enough cast material for a given incubation time, casts were picked up, placed in an ice chest 16 
and carried to the laboratory. 70 g of fresh casts were collected approximately for each 17 
group, of which 40 g were dried under forced draft in an oven at 40 C and 30 g were stored 18 
in a refrigerator at 4 C prior to analysis as described below.  19 
Control soil samples were taken in each paddock by splitting it into four areas where five 0-20 
15 cm soil cores were taken per area and mixed. Samples were further prepared for analyses 21 
by crushing and sieving through a 2-mm mesh. Samples for microbial P determinations were 22 
maintained fresh under refrigeration as mentioned above. 23 
 24 
 9 
2.4.2. Laboratory experiments 1 
Two laboratory experiments were conducted. In the first (LE1), no additional treatment other 2 
than the soil from the paddocks was applied. In the second (LE2), two additional treatments 3 
were applied in factorial combination with the two field treatments, e.g. green vegetative 4 
material collected  from the same land use systems was added to one of the treatments. In 5 
order to test the effect of plant material addition on P dynamics the vegetative material was 6 
oven-dried, finely ground and mixed with the corresponding soil at a rate of 20 g kg
-1
 soil. A 7 
first set of twelve pots were prepared using 6 kg of soil (air-dried and sieved to 2 mm) 8 
collected from the top 15 cm of the two land use systems where the fieldwork was 9 
conducted, although not in the same replicate areas used in the field study. These twelve pots 10 
corresponded to the land use systems studied, savanna and introduced pasture, two 11 
treatments (with and without organic amendments) and three replicates. The moisture 12 
content of the soil was adjusted to pF 2 (25% H2O v/v) in each pot 5 days prior to earthworm 13 
introduction. Twelve adults of M. carimaguensis were collected in the field and placed in 14 
each pot for a 6-day period of conditioning to void field-ingested material. Afterwards, 15 
earthworms were transferred directly to another set of pots [12 units that corresponded to 16 
land use system (2), addition of plant material (2) and three replicates] containing 2-kg of the 17 
same sieved and similarly preconditioned soil. These pots were used only to collect cast 18 
material. After 1 day, these second pots were examined, casts retrieved and earthworms from 19 
each pot were moved to another set of pots prepared in an identical manner to ensure that 20 
casts belonged to the same experimental unit. This procedure was repeated six times to 21 
complete the temporal lag, i.e. 1, 4, 8, 16, 32, 64 days of cast incubation and to ensure the 22 
same conditions for cast sorting. Surface cast material from the pots was placed in Petri 23 
dishes containing moistened filter paper in order to maintain the humidity of casts. These 24 
 10 
were incubated at ambient temperature (24 ± 3 ºC) in the laboratory for the same time 1 
periods, after which they were broken up, mixed and separated into two other samples (one 2 
air dried, and the other moist) as described above for the field experiment. Control (non-3 
ingested) soil was sampled from pots when earthworms were introduced and treated in the 4 
same manner as the incubated casts. 5 
 6 
2.5. Determination of soil P fractions in casts and controls 7 
Phosphorous in soil and earthworm casts were fractionated according to a modified method 8 
of Hedley et al. (1982) using successively the following increasingly aggressive extractants: 9 
H2O with anion exchange resin in HCO3
¯
 form, 0.5 M NaHCO3, 0.1 M NaOH, 1 M HCl, and 10 
hot concentrated HCl (Tiessen and Moir, 1993). Inorganic P in extracts was determined by 11 
the molybdate-ascorbic acid method (Murphy and Riley, 1962). Total P in the H2O, NaHCO3 12 
and NaOH was measured after digestion with K2S2O8 (Bowman, 1988). Total soil P was 13 
determined by perchloric acid digestion (Olsen and Sommers, 1982). Controls and one day-14 
old casts were fractionated according to the full method while a reduced method using the 15 
first three extractants was applied to the remaining samples. 16 
Inorganic P removed by anion exchange resin comes either from solution or is desorbed 17 
from the Al and Fe oxyhydroxide colloid surfaces in the soil (Mattlingly, 1975). Sodium 18 
bicarbonate (0.5 M at pH 8.5) also extracts weakly adsorbed Pi (Hedley et al., 1982). 19 
Together these two Pi fractions constitute a highly available Pi pool in soil. More slowly 20 
available Pi (also called “secondary Pi”) is extracted by 0.5 M NaOH and is associated with 21 
amorphous and crystalline Fe and Al oxyhydroxides. Highly labile soluble organic P 22 
compounds are found in the water phase of the resin-H2O extractant. The weakly alkaline 23 
NaHCO3 extractant also removes easily hydrolyzable organic P (Po) compounds such as 24 
 11 
ribonucleic acids and glycerophosphate (Bowman and Cole, 1978) while the more strongly 1 
alkaline NaOH solution extracts less labile Po associated with fulvic and humic acids. Dilute 2 
HCl (0.1 M) extracts Pi from apatite or octocalcium phosphate (Frossard et al., 1995), neither 3 
of which are likely to be present in Oxisols unless they have been fertilized with phosphate 4 
rocks. Hot concentrated HCl extracts more stable pools of Pi and Po, some of which may be 5 
associated with particulate organic matter (Tiessen and Moir, 1993). The P remaining in the 6 
sample (residual Pt) contains very recalcitrant Pi and Po forms that likely participate in P 7 
cycling processes only at long term. 8 
Phosphorus in the microbial biomass and acid soil phosphatase activity were estimated on 9 
moist samples using procedures described by Oberson et al. (1999) and Tabatabai (1982), 10 
respectively. This procedure was used since air drying of cast and soil samples may cause 11 
loss of inorganic P from microbial biomass and give erroneous results (Sparling et al., 1985; 12 
James, 1991). 13 
Total carbon and nitrogen were analyzed on previously 2 mm sieved subsamples. A LECO 14 
CR-12 furnace with CO2 infrared detection was used to determine total C, and the standard 15 
Kjeldahl digestion to measure total N contents (Krom, 1980). A titration method was used to 16 
extract exchangeable Al and H using 1 M KCl. Cations were extracted with 1 M NH4-17 
acetate and determined by atomic absorption spectrometry using standard methods. 18 
 19 
2.6. Statistical analysis 20 
The Kolmogorov-Smirnov test (Lilliefors, 1967) was used to test the normality of data 21 
distribution, and transform data before analysis if necessary. A two-way analysis of variance 22 
(ANOVA) was performed with land use (savanna / pasture) and sample origin (cast vs. soil) 23 
as the fixed main effects for phosphatase activity, microbial P, total P, total C, Bray-II P and 24 
 12 
pH (water, 1:1). To analyse the differences on the P fractions extracted with H2O/resin, 1 
bicarbonate and NaOH solutions for each sampling date a two-way ANOVA with again land 2 
use and cast age as the fixed main effects was used. The Bonferroni procedure for multiple 3 
nested tests was applied (Cooper, 1968) to adjust the significance probability levels. The 4 
adjusted 0.05, 0.01 and 0.001 levels were, respectively: 0.004 [= 0.05 / (2 x 6)], 0.0008 [= 5 
0.01 / (2 x 6)], and 8.3 10
-5
 [= 0.001 / (2 x 6)]. Additional comparisons of means were 6 
performed with the Tukey HSD test for all variables when the F-test was significant (P< 7 
0.05). The software package Statistica 5.1 for Windows (© Statsoft Inc. 1996) was used in 8 
all statistical analyses. 9 
 10 
3. Results 11 
3.1. Phosphatase activity, microbial P, total P, and other chemical properties 12 
Phosphatase activity in soils and casts ranged from 120 to 313 mg-nitrophenol kg
-1
 h
-1
 in 13 
laboratory experiment samples, and from 249 to 312 mg-nitrophenol kg
-1
 h
-1
 in the in-situ 14 
(field collected) pasture and savanna samples, respectively. Except for in-situ samples from 15 
the native savanna phosphatase activity was significantly lower in casts than in the control 16 
soil (Table 2), probably due to the manipulation of soil or because enzymes were partly 17 
degraded during gut transit or because phosphates production was decreased due to higher 18 
availability of P in casts. In field samples, phosphatase activity was higher in earthworm 19 
casts than in soil in the native savanna system but lower in the intensive pasture, although 20 
these differences were not significant the interaction of fixed main effects was significant 21 
(ANOVA, F = 54.72; P<0.001***) (Table 3). Microbial biomass P was significantly higher 22 
in 1-day-old casts than in the corresponding control soil from the savanna and from the 23 
 13 
pasture (Table 3). Values of pH were significantly higher in earthworm casts than in the 1 
control soil in both systems and for both field and laboratory produced samples. 2 
Total P content was significantly higher in 1-day old earthworm casts than in control soil for 3 
both laboratory incubated and field aged samples (Tables 2 and 3). Total P calculated from 4 
the sum of P fractions did not differ significantly from that determined directly by perchloric 5 
acid digestion for any particular treatment (not shown). In the laboratory experiments, casts 6 
contained 10-20 mg-P kg
-1
 soil or 5-10% more total P than the soil from which they were 7 
produced. Casts produced in the field had approximately 1.5 and 2 fold more P than the bulk 8 
soil in the native savanna and the introduced pasture, respectively (Table 2).  9 
Bray-II P and total C concentrations were significantly higher in 1-day-old casts than in the 10 
corresponding control soil for field samples in both systems (Table 3), while no significant 11 
differences were observed for the laboratory samples (Table 2).  12 
 13 
3.2. P dynamics 14 
The effect of M. carimaguensis on movement of P among soil P pools is considered in two 15 
phases, the first being the immediate effect of transit through the earthworm’s gut and the 16 
second being the subsequent temporal changes in P concentration in pools as the deposited 17 
cast is aged in situ in the field or incubated in the laboratory.  18 
The immediate effects of casting on the concentration of P in soil P pools in the field and 19 
laboratory are shown in Tables 4 and 5, respectively. Under field conditions, almost without 20 
exception P fractions were larger in casts than in the bulk soil (corresponding to the increase 21 
in total P content). Increases ranged from 0% (HClhc-Po) to 875% (Resin- Pi) in the egested 22 
savanna soil and 46% (Residue Pt) to 814% (Resin- Pi) in the egested pasture soil, and were 23 
relatively greater in the labile Pi fractions (resin- Pi and NaHCO3- Pi) than in the other P 24 
 14 
fractions. In both savanna and pasture derived casts, about 60% of the increased P content 1 
was found in Pi fractions, 30% in Po fractions and 10% in the residual Pt fraction. Most of 2 
the total P increase in cast over soil was found in secondary (NaOH) Pi and Po pools in both 3 
savanna and pasture derived casts, with significant amounts entering stable P pools as well, 4 
especially in the pasture casts. 5 
Under laboratory conditions where the increase in total P content due to casting (11-17%) 6 
was much smaller than in the field, increases in the sizes of P fractions ranged from 0% to 7 
344% (Table 5). In the savanna soil casts, most of the added P was found in the secondary P 8 
pools (20% NaOH- Pi and 64% NaOH-Po) whereas substantial amounts were also found in 9 
the stable P and residual Pt pools in the pasture soil casts. The addition of green material 10 
residues had no significant effect on either Pi or Po fractions in the laboratory experiment, 11 
neither in the soil nor in the casts. 12 
The dynamics of labile pools of P in ageing casts is shown in Figures 1 and 2 for laboratory 13 
and field incubation experiments, respectively. The statistical significance of the fixed main 14 
effects and their interaction is shown in tables 6 and 7 for casts incubated in the field and in 15 
the laboratory, respectively. In most cases the interaction of cast age and land use was not 16 
significant, except for the Pi extracted by NaOH and bicarbonate in casts incubated in the 17 
field. Pi extracted by resin was increased strongly in fresh casts but then slowly declined to 18 
the levels in soil over the following 64 days of incubation. In contrast, organic P extracted by 19 
bicarbonate and hydroxide increased 1 to 8 days after casting, rather than during transit of 20 
the earthworm gut, and then remained relatively constant over the remaining 56 days of the 21 
incubation. Inorganic P in bicarbonate and hydroxide was not affected significantly by 22 
casting and did not change significantly with time of incubation.  23 
 15 
Similar patterns in P dynamics in Pi and Po fractions were observed during in situ ageing of 1 
M. carimaguensis casts produced in the field although of much lower magnitude, especially 2 
for Po fractions. The most marked changes occurred during transit of the earthworm gut 3 
whereas, after the initial increase, Pi and Po in all fractions remained relatively constant over 4 
the 64 days of field incubation.  5 
 6 
4. Discussion 7 
4.1. P accumulation and mineralization in casts  8 
The use of both field and laboratory experiments in this study helps provide a better 9 
understanding of the actual dynamics of nutrients in soil and in biogenic structures produced 10 
by soil macroinvertebrates. Although the total P contents of control soils in the field and 11 
laboratory experiments were similar, ingestion by M. carimaguensis increased total P by 12 
53% to 114% under field conditions but by <20% under laboratory conditions. Under field 13 
conditions, M. carimaguensis apparently incorporated P from sources such as litter, 14 
undecomposed plant debris and roots and other holorganic casts that were not present in the 15 
soil under laboratory conditions. Together with mixing of soil and litter, both coprophagy 16 
and necro-rhizophagy seem to be the dominant features of the M. carimaguensis diet 17 
(Mariani et al., 2001).  18 
Phosphorus incorporated into soil from “non-soil” sources may enter into all P fractions 19 
(organic and inorganic) but the fractionation data indicate that a greater proportion entered 20 
into labile Pi fractions, particularly under field conditions (Tables 4 and 5). It is not possible 21 
to conclude that M. carimaguensis promoted the mineralization of organic P since the 22 
proportion of P fractions in the substrate was unknown. However, the fact that under 23 
laboratory conditions, where organic litter substrate was not provided (LE1) and where the 24 
 16 
increase in total P due to casting was quite small, relatively large increases especially in the 1 
secondary (NaOH- Pi and -Po) pool sizes accompanied by decreases in stable fractions 2 
suggests that ingestion of the soil by the earthworm did promote movement of P from stable 3 
to more labile P forms. Moreover, the relatively large increases observed in resin- Pi in the 4 
laboratory experiment, and in all labile fractions (H2O-Po, resin- Pi, bic- Pi and bic-Po) in the 5 
field experiment (all small pools), suggests some mineralization of less available P from 6 
large more stable pools where relative changes would be difficult to detect. This would agree 7 
with the interpretation that M. carimaguensis likely behaves as an endogeic (soil consumer) 8 
rather than an anecic (soil + litter consumer) species in terms of feeding regimes (Mariani et 9 
al., 2001). Since the addition of green material residues had no significant effect on either Pi 10 
or Po fractions in the casts produced in the laboratory experiment, the hypothesis that M. 11 
carimaguensis ingests faeces from other earthworms (Mariani et al., 2001) or even may feed 12 
on their own casts (Jiménez et al., 1998b) is strengthened. 13 
Although beginning with almost identical total soil P contents, casts produced in situ in the 14 
B. decumbens and P. phaseoloides pasture had more than twice the total P content and 15 
correspondingly higher P content in all fractions than casts produced from savanna soil 16 
(Table 4). This was probably due to higher biomass production, both aboveground and roots, 17 
of legume and deep-rooting grasses in the pasture resulting in greater litter fall and root 18 
turnover (Thomas, 1992; 1995; Thomas et al., 1992; Oberson et al., 1995; Fisher et al., 19 
1994) as well as dung depositions from cattle. 20 
Our study confirmed the results obtained by several authors who reported higher P contents 21 
in earthworm casts than in the surrounding soil from grassland ecosystems (Sharpley and 22 
Syers, 1976; Barois and Lavelle, 1986; Barois et al., 1987; James, 1991; López-Hernández et 23 
al., 1993; Brossard et al., 1996; Scheu, 1987). Barois et al. (1999) reported a significant 24 
increase of available P after transit through the earthworm gut, with the largest differences 25 
 17 
for water extractable P, which was doubled after ingestion. Phosphorus contents were at least 1 
30% higher in casts of several earthworm species than in the soil. In our study, water 2 
extractable P was 300% higher in casts than in the adjacent control soil under field 3 
conditions. Stabilization of P in casts of M. carimaguensis occurred between 16 and 64 days 4 
after cast deposition, whilst this lag was of 4 days in casts of the endogeic P. corethrurus 5 
(López-Hernández et al., 1993).  6 
Sharpley and Syers (1976) estimated that the total amount of organic-P accumulated in 30 7 
tons ha
-1
 yr
-1
 of surface earthworm casts in permanent pastures from a New Zealand 8 
watershed was 11-14 kg ha
-1
 yr
-1
. Estimated surface fresh cast production by M. 9 
carimaguensis at the study site was, respectively, 1.2 t ha
-1
 yr
-1
 and 13.2 t ha
-1
 yr
-1
 in the 10 
savanna and in the pasture, based on a density of 0.2 fresh casts m
-2
 and 2.2 fresh casts m
-2
 in 11 
the respective systems and taken into account the active period of the species, at least 4 12 
months (Jiménez, 1999). The average dry weight of casts ranges from 25 g (Decaëns, 2000) 13 
to 35 g (Jiménez, unpubl. data). Thus, 0.36 kg ha
-1
 yr
-1
 and 5.61 kg ha
-1
 yr
-1
 of total P may be 14 
accumulated in fresh casts of M. carimaguensis, respectively, in the savanna and the pasture 15 
(0.13 and 1.8 kg ha
-1
 yr
-1
 of total Po). This represents an important contribution to the overall 16 
P fluxes in these agroecosystems. For example, the total P uptake in above-ground biomass 17 
of a grass-legume pasture (B. humidicola plus several legumes), a maize monocrop and the 18 
native savanna was found to be 14, 18 and 4 kg P ha
-1
 yr
-1
 at the same site (Friesen et al., 19 
1997). Hence, total P accumulated in casts of M. carimaguensis is 40% of total annual P 20 
uptake by grasses in the pasture and only 9% of the total P uptake by above-ground 21 
vegetation in the savanna. Nonetheless, as Decaëns et al. (1999b) showed for N dynamics in 22 
casts of the same species, the global contribution of the whole earthworm community to 23 
availability of P for plants may be even higher due to the presence of other earthworm 24 
 18 
species in the soil and the casts deposited in the soil (Jiménez et al. 1998a). Thus, our results 1 
confirm those of Guggenberger et al. (1996) who showed that earthworm activity at 2 
Carimagua resulted in a marked effect on P availability.  3 
A higher phosphatase activity in savanna soil than in pasture soil may be due to very low Pi 4 
availability in savanna soil (Oberson et al., 2001), explained by differences in botanical 5 
composition of both systems (Rao et al., 1997). Measurements of phosphatase activity and 6 
microbial P on field experiment samples further indicate that M. carimaguensis participates 7 
in the mineralization of available Po fractions. In the field experiments, phosphatase activity 8 
was greater in M. carimaguensis casts than in the control soil from the savanna. The 9 
conflicting observation seen in the laboratory experiment was probably an artifact of the 10 
methodology since the organic residues added to earthworm cultured pots could have already 11 
mineralized before ingestion by the earthworms. The high values of phosphatase activity 12 
obtained in our study for all treatments show the importance of both biological and 13 
biochemical processes in Po mineralization (Oberson et al., 1995).  14 
López Hernández et al. (1989) observed no difference in phosphatase activity between 15 
termite mounds and surrounding soil in Venezuelan savannas. However, Satchell and Martin 16 
(1984) reported high Pi content in fresh casts due to high phosphatase activity. A strong 17 
enzymatic activity has also been reported in fresh earthworm casts from temperate regions 18 
(Sharpley and Syers, 1976) as well as tropical sites (Mulongoy and Bedoret, 1989). 19 
Microbial activity is enhanced in casts of tropical earthworms due to strong enzymatic 20 
activity and available organic C (Mulongoy and Bedoret, 1989). In this study values of 21 
microbial P were similar in both soil and cast samples from the lab experiment, and slightly 22 
higher in samples from the pasture. In summary, therefore, the increase in total P content of 23 
casts over soils in the field can be explained by organic matter, litter (including roots) and 24 
 19 
cast selection by M. carimaguensis while the comparative increases in labile fractions 1 
extracted with water, NaHCO3 and NaOH are due to the reorganization or translocation of P 2 
from stable to available pools for plant uptake. Evidence for the latter is found in the 3 
increased microbial biomass P in casts. 4 
 5 
4.2. “Soil ecosystem engineers” and P dynamics in savanna soils 6 
Casts of M. carimaguensis are large resistant structures that persist at the soil surface from 7 
two to eleven months on average in intensive pastures (exposed or protected to cattle 8 
trampling, respectively), and 5 months in native savannas (Decaëns, 2000). Some termite 9 
species (Nasutitermitinae) colonize these compact casts and create channels and deposit 10 
faecal pellets over its surface. When these casts finally split and smaller aggregates spread in 11 
the soil surface, the nutrients that were preserved from further mineralization processes may 12 
be released (Decaëns, 2000). Thus these surface casts represent a significant source of direct 13 
P easily available for plant uptake and may also explain the increase in root biomass 14 
observed under earthworm casts (Decaëns et al., 1999a). The role of other soil ecosystem 15 
engineers present in these savannas on P dynamics via the biogenic structures they create, for 16 
example, Microcerotermes sp., Spinitermes sp. (Termitidae) and Velocitermes sp. 17 
(Nasutitermitinae) species and the ants Atta laevigata and Acromyrmex landolti (Decaëns et 18 
al., 2001) should be addressed in further studies. 19 
The importance of M. carimaguensis activity in natural and introduced pastures on 20 
incorporating P from organic sources into soil P pools, in increasing the labile P pools and 21 
improving P cycling was demonstrated in our short-term studies under laboratory and field 22 
conditions. The ecological significance of earthworms in P cycling in the native savanna and 23 
the introduced pasture is based on the improved nutritional basis of plant litter from the 24 
 20 
pasture. There is an enhancement of biotic processes in the pasture, since populations of this 1 
species are quite large (Jiménez et al., 1998b) and there is also higher microbial biomass P 2 
(Oberson et al., 2001). The long-term effects of earthworms on P cycling and other nutrients 3 
must therefore be tremendous and merit further investigation, since the net benefits of 4 
earthworms in soil quality improvement and fertility are still ignored. 5 
Studies on the role that soil ecosystem engineers play in P dynamics in Neotropical savannas 6 
are restricted to a few. Soil feeding termites can increase available P in their nests two or 7 
five-fold (Anderson and Wood, 1984). In the savannas of Venezuela, for example, both the 8 
quantity and distribution of P depends upon the biological activity of the termite 9 
Nasutitermes ephratae (Holmgren) (Nasutitermitidae) as reported by López-Hernández et al. 10 
(1989). The availability of mineral P derived from litter or soil can be increased by the 11 
activity of earthworms (Mansell et al., 1981), as we found in the field study. But P 12 
availability also changes with time as casts aged in the field. Similarly, Wood et al. (1983) 13 
found that P retention declined in the biogenic structures produced by the African savanna 14 
termite Cubitermes oculatus.  15 
 16 
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Tables  1 
 2 
Table 1. Physico-chemical properties of soils in the native savanna and the intensive pasture
† 
3 
Land use 
system 
pH(H2O) 
1:1 
Total C Total N Bray-II P 
Exchangeable cations 
Al Ca Mg K H 
  - - - - - - - mg g
-1
 - - - - - - - - - - - - - - - - - - - - - -  cmol
+
 kg
-1
 - - - - - - - - - - - - - - 
Savanna 4.80 23.5 1.45 1.3 2.42 0.26 0.11 0.08 0.27 
Pasture 4.96 24.9 1.67 2.2 1.90 0.89 0.23 0.09 0.26 
†
 Oberson et al. (1999)4 
 30 
Table 2. Chemical properties (mean ± standard error) of soil and one day-old casts of M. carimaguensis in the 1 
laboratory (LE1 experiment) and field experiments.  2 
Experiment pH (H2O) Total C 
(%) 
Bray-II P 
(mg-P kg
-1
) 
Phosphatase 
activity 
(mg kg
-1
 h
-1
)
§ 
Microbial P 
(mg-P kg
-1
) 
Total P
‡
 
(HClO4 dig.) 
(mg kg
-1
) 
Laboratory Experiment 
Native savanna 
 Soil 4.6 ± 0.01 2.6± 0.04 2.6 ± 0.19 215 ± 13.5 4.1 ± 0.07 208 ± 0.88 
 Casts 5.2 ± 0.02 2.5 ± 0.00 2.9 ± 0.13 120 ± 10.1 4.1 ± 0.44 225 ± 4.06 
B. decumbens – Kudzu pasture 
 Soil 4.6 ± 0.01 2.9 ± 0.02 4.2 ± 0.20 313 ± 16.6 6.0 ± 0.52 248 ± 0.33 
 Casts 5.2 ± 0.05 3.0 ± 0.04 4.1± 0.65 242 ± 6.63 5.4 ± 0.24 272 ± 0.67 
Field Experiment 
Native savanna 
 Soil 5.1 ± 0.04 2.1 ± 0.02 1.0 ± 0.06 254 ± 7.46 2.5 ± 0.13 179 ± 1.42 
 Casts 5.4 ± 0.04 4.1 ± 0.03 6.3 ± 0.25 312 ± 4.2 4.0 ± 0.34 267 ± 5.92 
B. decumbens – Kudzu pasture 
 Soil 5.2 ± 0.05 2.1 ± 0.04 2.5 ± 0.20 299 ± 6.89 4.1 ± 0.67 194 ± 2.65 
 Casts 5.8 ± 0.65 5.2 ± 0.11 11.0 ± 0.92 249 ± 7.13 10.9 ± 0.88 396 ± 28.06 
§ 
mg -nitrophenol kg-1 h-1 3 
‡
 from laboratory experiment 2 (LE2) 4 
 5 
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Table 3. Two-way analyses of variance (ANOVA) for phosphatase activity, microbial biomass P, pH, Bray-II P, Total P and Total C in soil and one day-old casts of M. 1 
carimaguensis from incubation in the field. The F-ratios and error mean squares for each variable are indicated. Each test is significant at the Bonferroni corrected probability 2 
level [overall probability / (n of variable x n of tests)] for overall significant levels of 0.05, 0.01, and 0.001.
a
 3 
 4 
Source df Phosphatase 
activity
b
  
Microbial P
b
 pH
b
 Bray-II P
c
 Total P
c
 Total C
c
 
Land use (A) 1 0.02 NS 44.10*** 23.30** 94.58*** 40.43*** 62.65*** 
Cast vs. soil (B) 1 0.17 NS 48.47*** 100.64*** 551.91*** 272.90*** 2595.10*** 
AxB 1 54.72*** 9.14 NS 5.14 NS 0.28 NS 20.25*** 71.57*** 
Error mean squares 10
b
, 24
c
 0.00044 0.0048 0.00004 0.0037 0.0014 0.00018 
a 
NS = not significant; * P<0.05; ** P<0.01; *** P<0.001. 5 
 6 
 7 
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Table 4. Phosphorus fractions in soil and fresh (1-day-old) casts of M. carimaguensis collected in the field from the native savanna and the intensive pasture
1
. 
  
H2O-Po Resin-Pi 
NaHCO3  NaOH 1M HCl-
Pi 
HCl hc 
Residue 
-Pt 
Total 
Pi 
Total 
Po 
Total 
P 
  Pi Po  Pi Po Pi Po 
  -------------------------------------------------------------------------------- mg P kg
-1
 soil --------------------------------------------------------------------------- 
Savanna 
Soil 0.5 b 0.8 b 1.6 c 8.6 b  22 bc 42 ac 0.3 b 38 c 22 ac 59 b 63 73 b 195 c 
Cast 1.4 a 7.8 a 9.9 b 17.0 a  52 ac 68 a 0.9 b 52 b 21 ac 68 b 123 108 a 299 b 
%increase 180 875 519 98  137 64 200 36 -5 15 95 47 53 
%P added
2
 1 7 8 8  29 25 1 13 -1 9 58 33 100 
                
B. decumbens 
+ Kudzu 
Soil 0.8 b 1.4 b 2.8 c 9.1 b  26 b 43 bc 0.8 b 45 bc 10 bc 60 b 76 62 b 199 c 
Cast 2.0 a 12.8 a 19.0 a 18.8 a  82 a 82 a 5.6 a 83 a 32 a 88 a 202 136 a 425 a 
%increase 150 814 579 107  213 92 600 83 234 46 165 117 114 
%P added 1 5 7 4  25 17 2 17 10 12 56 32 100 
1
 values within a column followed by the same letter do not differ significantly (P<0.05) according to Tukey’s HSD test. 
2
 percentage of total P increase in cast over soil found in respective fraction. 
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Table 5. Phosphorus fractions in soil and fresh (1-day-old) casts of M carimaguensis produced in the laboratory (LE1) from soil collected in the native savanna and the 
intensive pasture
1
. 
  
H2O-Po Resin-Pi 
NaHCO3  NaOH 1M HCl-
Pi 
HCl hc 
Residue 
-Pt 
Total 
Pi 
Total 
Po 
Total 
P 
  Pi Po  Pi Po Pi Po 
  
------------------------------------------------------------------------------ mg P kg
-1
 soil ----------------------------------------------------------------------------- 
Savanna 
Soil 1.6 ab 0.9 d 4.1 b 1.8  25 d 32 c 0.3 41 b 16 43 71 51 bc 165 b 
Cast 1.9 b 4.0 b 4.3 b 2.4  30 c 50 b 0.4 42 b 17 42 81 71 ac 193 bc 
%increase 19 344 5 33  23 57 33 2 6 -3 14 39 17 
%P added
2
 1 11 1 2  20 64 0 2 3 -5 35 70 100 
                
B. decumbens 
+ Kudzu 
Soil 1.7 ab 2.8 c 6.5 a 1.0  34 b 54 a 0.2 51 a 22 46 94 78 a 218 ac 
Cast 2.5 a 6.3 a 6.5 a 1.4  39 a 57 a 0.7 55 a 20 55 108 80 a 243 a 
%increase 47 125 0 40  14 5 250 9 -12 20 14 2 11 
%P added 3 15 0 2  20 11 2 20 -11 38 57 5 100 
1
 values within a column followed by the same letter (or no letter) do not differ significantly (P<0.05) according to Tukey’s HSD test. 
2
 percentage of total P increase in cast over soil found in respective fraction. 
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Table 6. Two-way ANOVA for the different P fractions analysed in control soil and incubated casts of M. carimaguensis in the field. The F-ratios and error mean squares for 
each variable are indicated. Each test is significant at the Bonferroni corrected probability level [overall probability / (n of variable x n of tests)] for overall significant levels 
of 0.05, 0.01, and 0.001.
a
 
 
Source df H2O-Po  Resin-Pi NaHCO3-Po NaHCO3-Pi NaOH-Po NaOH-Pi 
Land use (A) 1 58.65 *** 87.49 *** 32.67 *** 118.81 *** 37.15 *** 229.31 *** 
Cast age (B) 6 17.54 *** 21.35 *** 15.23 *** 32.04 *** 25.81 *** 49.98 *** 
AxB 6 3.50 NS 2.89 NS 2.25 NS 3.67 * 1.42 NS  4.30 * 
Error mean squares 66 0.11 4.02 7.70 7.99 81.02 47.97 
a 
NS = not significant; * P<0.05; ** P<0.01; *** P<0.001. 
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Table 7. Two-way ANOVA for the different P fractions analysed in control soil and incubated casts of M. carimaguensis in the laboratory. The F-ratios and error mean 
squares for each variable are indicated. Each test is significant at the Bonferroni corrected probability level [overall probability / (n of variable x n of tests)] for overall 
significant levels of 0.05, 0.01, and 0.001.
a
 
 
Source df H2O-Po  Resin-Pi NaHCO3-Po NaHCO3-Pi NaOH-Po NaOH-Pi 
Land use (A) 1 9.25 NS 103.77 *** 0.18 NS 13.67 * 2.65 NS 57.72 *** 
Cast vs. soil (B) 6 11.50 *** 22.66 *** 9.83 *** 1.15 NS 1.40 NS 2.40 NS 
AxB 6 0.71 NS 2.13 NS 0.65 NS 1.63 NS 1.22 NS 0.93 NS 
Error mean squares 66 0.15 0.27 15.98 1.72 176.32 18.99 
a 
NS = not significant; * P<0.05; ** P<0.01; *** P<0.001. 
Figure captions 1 
 2 
Figure 1. Dynamics of Pi (●) and Po (∆) fractions in casts of M. carimaguensis produced and 3 
incubated in the laboratory (LE1 experiment). C Control (non-ingested) soil. Bars indicate 4 
standard deviation.  5 
 6 
Figure 2. Dynamics of Pi (●) and Po (∆) fractions in in-situ ageing casts of M. carimaguensis. 7 
C Control (non-ingested) soil. Bars indicate standard deviation.  8 
 9 
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